Bulk oxynitride glasses in the Mg-Si-O-N system have been prepared by melting mixtures of Si0 2 , MgO and Si3N4 powders and the microstructures and compositions of the glasses were analyzed using electron microscopy, energy and wavelength dispersive x-ray analysis and energy loss spectrometry. The -melting experiments indicate the presence of a limited glass forming region in the system. For the melting conditions used, nitrogen was found to be a necessary constituent of the melts to prevent crystallization on cooling. Extension of the miscibility gap in the binary MgO-Si0 2 system into the Mg-Si-O-N system results in phase separation in most of the glasses. A partial plot of the miscibility gap in the Mg-Si-O-N system is established from analysis of the composition of the phases formed during phase separation of the glasses.
INTRODUCTION
Oxynitride glasses were originally discovered when it was found that oxide glasses after nitriding with nitrogen or ammonia contained small amounts of nitrogen. I -3 More recently, interest in oxynitride glasses has been stimulated by the discovery that they form the bonding layer between silicon nitride grains in silicon nitride ceramics hot pressed or sintered with additives. This discovery has prompted attempts to prepare oxynitride glasses by melting mixtures of oxides and nitrides in a nitrogen atmosphere. By this method oxynitride glasses containing up to 18 at% nitrogen have been produced in a variety of different systems. 4 -11 The Mg-Si-O-N system is one of the most important compositional systems in the fabrication of silicon nitride ceramics. Magnesium oxide is commonly used as a sintering aid in the fabrication of silicon nitride ceramics. The oxide reacts with Si02 on the surface of silicon nitride particles and with the silicon nitride grains themselves to form an Mg-Si-O-N liquid. On cooling the liquid solidifies to form an oxynitride glass at grain boundaries. The present investigation examines bulk glass formation in the Mg-Si-O-N system by determining the extent of the glass forming region using melting experiments. The microstructures of the as-cooled glasses are then characterized using transmission electron microscopy. The results of the investigation are related to known phase equilibria in the Mg-Si-O-N system.
EXPERIMENTAL Glass Preparation
Starting compositions for melting experiments were prepard by thoroughly mixing weighed amounts of Baker reagent grade Si0 2 and MgO powders and amorphous Si3N4 powders.* Ten grain batches of each composition were melted in *GTE Sylvania SN402 1 J5125A/jbs shallow molybdenum dishes for 1 -4.5 hrs at temperatures of 1600 0 C to 1700°C using a graphite element furnace. A static nitrogen atmosphere at one atmosphere pressure was maintained in the furnace during melting in an effort to suppress the loss of nitrogen from the melt. The melts were cooled by turning off the furnace at the end of the run. Exact cooling rates were not measured, but generally the melts cooled to below 1000°C in less than ten minutes. To supplement these experiments some additional compositions were melted using a tungsten element furnace. The appearance of quenched melts were noted and inhomogeneous melts were remelted to improve mixing. Each melt was checked for crystallinity by x-ray diffraction analysis using a standard diffractometer and CuKa radiation. Compositions prepared in this investigation are given in Table 1 .
Composition Analysis
Two independent methods were used to analyze the bulk compositions of glasses after melting. First, nitrogen contents of each glass were measured by an inert gas fusion technique. Second, to obtain specific compositional data, several glasses were also analyzed using a JEOL 773 microprobe equipped with a wavelength dispersive spectrometer to detect light elements (oxygen and nitrogen) in the glasses. The spectrometer was calibrated using samples of quartz for Si/O ratios, CVD Si3N4 for Si/N ratios and MgO for Mg/O ratios. Bulk compositional data were obtained by scanning the probe over an area of about 3 ~ x 5 ~ on a highly polished carbon coated surface of the sample. For greater accuracy, an analysis was performed on several areas of each sample.
To check the local compositions of phases formed in the glasses, carbon coated ion milled samples were examined using a Philips 400 transmission electron microscope equipped with energy dispersive x-ray and electron energy loss spectrometer attachments. The energy dispersive x-ray spectrometer was calibrated for measurement of Mg/Si ratios in the samples using powdered samples of high purity forsterite and enstatite dispersed on carbon grids. The energy loss spectrometer was used for qualitatitve comparison of the relative amounts of nitrogen in phases formed in the glasses. Thin areas of the specimens were selected for the analysis So as to reduce the effects of multiple 'inelastic scattering. Generally, areas that gave a first plasmon loss peak that was about a quarter of the height of the zero loss peak were found to be suitable for analysis. Sp~ctra were acquired over the 0-1 KeV energy loss range. Comparisons of the nitrogen contents of the different phases were made by compa'ri ng the ~reas under energy loss edges after background stripping.
EXPERIMENTAL RESULTS AND DISCUSSION
Melting Experiments Figure 1 shows the extent ~f the glass forming region found in the Mg-Si-O-N system for the furance conditions and coo1ing'rates used in the present melting experiments. The starting compositions, melting temperatures and time at temperature for each melt are given in Table 1 along with a description of each melt on cooling. The region of glass formation lies predominantly in the Si02-Si2N20-MgSi03 compatibility triangle of the Si02-MgO-Si3N4 phase diagram and is centered around the composition A.
The extent of the glass forming region was limited by crystallization of the melt on cooling and frothing of the melt during melting. Partly crystalline specimens were obtained from resulted in compositions containing less Si3N4 (Melts I and J) or more MgO (Melts K and L) than composition A. The binary Si02-MgO phase diagram 12 indicated that compositions I was completely molten at the melting temperatures used and therefore crystallized on cooling. The rapid increase in liquidus temperature with increasing MgO content in the MgO-Si0 2 system suggests that the crystallinity in compositions J, K and L is in part due to incomplete melting. In compositions richer in Si02 or Si3N4 than A (Melts G and H) copious frothing occurred on melting. This resulted in glassy materials which contained a larger number of bubbles on cooling.' Melts A to F all produced glassy materials which are largely bubble free. However, some bubbling was initially ob~erved in all these compositions~ particularly in the more Si0 2 rich composition (B and C). In this respect, the glass forming region indicated by the dotted line in Fig. 1 is somewhat arbitrary •. Glass formation occurs over a different range of compositions than those initially determined to be glass formers by Jack. 4 Later work on the Mg-Si-O-N system, however, is in good agreement with the compositions shown in Fig. 1 .13,14 An important observation regarding glass formation is that melt I that contained no Si3N4 readily crystallized on cooling. In fact in the MgO-Si0 2 system it has been found that melts containing MgO crystallize even when rapidly quenched. 13 This clearly indicates that nitrogen plays an essential part in promoting glass formation in the Mg-Si-O-N system. The most successful glass forming composition was A, which produced a completely bubble-free glass after melting for one hour.
Measurement of the nitrogen contents of the glasses by the fusion technique indicated that about 30% of the nitrogen initially added was lost on melting. In contrast, electron microprobe analysis indicated that only about 5% of the nitrogen was lost during melting along with small amounts of MgO. Results obtained using the microprobe were reproducible to within ±1 wt% of Si3N4' and microprobe analysis of samples of known composition (for example Si 2 N 2 0) were accurate to within 1 wt% of Si3N4. Also, a recent analytical study15 that compared inert gas fusion with ion chromatography for nitrogen determinations of oxynitride glasses showed that the former technique considerably underestimates actual nitrogen contents. In view of these observations, it is felt that the microprobe analysis provided a more accurate measurement of the compositions of the glasses. The compositions for glasses A -F, after melting, are marked on the phase diagram in Fig. 1 . The results indicate that only small composition shifts occurred during melting.
Characterization of the Glasses
On cooling melts, A, B, C and 0 produced opaque glasses. Microstructural examination revealed that the opacity was caused by phase separation in the glasses. For example, a low magnification view of the microstructure of glass A is shown in Fig. 2 . The microstructure consists of groups of droplets of a minor phase (appearing in lfght contrast in Fig. 2 ), dispersed in a continuous matrix of a second glassy phase. EOS spectra from the two phases (Fig. 2b) indicated that the discontinuous phase contained mainly silicon and virtually no magnesium, Whe~eas the matrix'phase contained significant amounts of both elements (Fig. 2c) . Simi'lar ~pectra obtained from the matrix and minor· phases in glasses B, C and O' indicated that in each'glass the discontinuous phase consisted mainly of Si0 2 while the matrix phase contained both Si02 and MgO. The only other element detected (nitrogen and oxygen being undetectable by EOS due to x-ray absorption by the .beryll ium detector window) was a trace amount of chlorine in the magnesia-rich matrix phase of the glasses. This probably came from the amorphous Si3N4 powders used to prepare the glasses.
Preferential etching of the Si0 2 phase occurred during the ion milling of thin foils of glasses A-D. This riind~red the preparation of uniformly thinned specimens 6f the glass for T~M observati6ns. In most cases the Si0 2 -rich phase was almost completely etched from the microstructure, leaving holes in the foils.' However, from the'size and shape of the holes, an estimate of the amount and morphology of the Si0 2 -rich phase in the glasses 'could be obtained.
For comparison, lciwmagnification views of the microstructures of glasses A, B, and C are shown in Figs. 3a, b , and c, respectively. From the size of the holes in the foils it can be seen that glasses Band C contain con~iderably more Si02-rich phase than glass A and that the amount of theSi0 2 -rich phase increases with the S;02 content of the glasses. The scale of the phase separation in all three glasses is unusually coarse. However, it is quite distinct from the macroscopic liquid unmixing observed at melting temperatures in immiscible silicate liquidS. 16 ,17 This suggests that at the melting temperatures used in the present experiments, glasses A, Band C, were all homogeneous liquids and that phase separation occurred as the melts were cooled. It is possible that a combination of the moderate cooling rates used in the present experiments and high miscibility temperatures contributed to produce the coarse phase-separation observed.
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In order to obtain more precise information about the extent and shape of the miscibility gap in the Mg-Si-O-N system, quantitative microanalysis was used to examine the compositions of the Si0 2 -and MgO-rich phases in glasses A-D. Each glass was annealed at 850°C (just above the glass transition temperature) for 2 hrs to equilibrate the glasses at the same temperature. The ratio of magnesium to silicon in each phase was then determined in the TEM using energy dispersive x-ray analysis.
A problem encountered in this analysis was the sensitivity of the MgOrich phase to radiation damage. When a high intensity electron probe was focused on areas of the matrix phase, extensive bubble formation occurred in the exposed region after only a short time. Similar behavior has been observed in glassy pockets in Si3 N 4 ceramics,18,19 and it, has been suggested that damage is caused by ionization of atoms in the glass under the influence of the electron beam. 18 EOS analysis showed that accompanying the damage in the MgO-rich phase, -there was a loss in magnesium from the exposed region. This loss resulted in considerable errors in the analysis of Mg/Si ratios in the glasses when long counting times were used. To avoid this problem a low intensity beam was used to record all spectra and, for each phase, spectra were first recorded at 60 second intervals to check for changes in composition with exposure. Counting times were selected for which no change in composition could be detected and were then used to record subsequent spectra.
To further improve the analysis, spectra were recorded from 10 different regions of phases in each glass, typically using 250 second counting times and a low intensity beam. Using this technique, values of Mg/Si count ratios, that were reproducible to within t 2% for each phase could be obtained.
The Mg/Si ratio fixes a line in the phase diagram along which the composition of a phase must lie. To further fix the composition of the phases in a glass it is necessary to know how the nitrogen is partitioned between the two phases in a given composition. The composition of both phases in a glass may be calculated if the average composition of the glass, the Mg/Si ratios for each phase and the relative amounts of nitrogen in the phases are known. 
~
To determine the te1ative nitrogen contents of the Mg-and Si0 2 -rich phases in glass A energy loss spectra were recorded from the two phases; typical spectra are shown i~ Figs. 2d and2e. Both spectra contain prominent oxygen K edges; the nitrogen edges, however, are only c1 early seen after background stripping and magnification of the spectra. The relative areas of the nitrogen edges after stripping indicate that there i~ approximately twice the weight -fraction of nit~ogeri in the continuous Mg rich phase that there is in the Si0 2 -rich phase.
The results of the energy loss an~lysis, combined with the EDX measurements of Mg/Si ratios in each phase and miocroprobe analysis. of the average composition the glasses, allow the composition of bot,h phases in glass A to be determined. By assuming that the nitrogen content of the Mg:-rich phase in the other glass compositions is, similary, twice that in the., Si0 2 -rich phase, the compositions of the phases in glasses B, C and 0 ~an a1so,be estimated. A summary of the estimated compositions and measured Mg/Si ratios for the phases in glas'ses A, B, C and 0 is given in Table II . As the miscibility gap in the MgSi-O-N system undoubtedly results from extension of the binary MgO-Si0 2 miscibility gap into this system an additional point on the misCibility surface at 850°C can be obtained by extrapolating the miscibility gap in the MgO-Si0 2 system to 850°C. The extrapolation indicates that the binary'MgO-rich phase has a .. , composition close to that of enstatite. The experimental data in Table II and the extrapolated composition for binary MgO-rich phase allow the partial plot of the miscibility gap shown in Fig. 1 to be constructed.
Although the position of the miscibility gap is only approximate the results show that at 850°C glasses A -0 separate into a minor phase with a composition close to the Si02-Si2N20 tie line and a matrix phase whose composition lies close to the MgSi03-Si2N20 tie line~ Both phases contain nitrogen but more is segregated to the MgO-rich phase. The shape of the miscibility gap suggests that additions of Si3N4 tend to restrict the extent of the miscibility gap in the Mg-Si-O-N system.
As a further test for the position of the miscibility gap, compositions E and F were prepared and examined for phase separation (see Fig. 1 for the com-7 J5125A/jbs positions of glasses E and F). Electron microscopy showed that glass E, whose composition after melting lies within the experimentally determined miscibility gap, phase separated on a fine scale during cooling. Glass F, with a composition outside the miscibility gap, was completely clear and, even after annealing for 2 hrs at 850°C, showed no evidence of phase separation. The consistency of these results with the experimentally determined miscibility gap suggests that .miscibility boundary shown in Fig. 1 In addition to the phase separation just discussed, a few crystalline particles were found in some of the glasses. The particles were most common in . glasses Band C and a typical example from glass B is shown in Fig.4a . The corresponding electron diffraction patterns indicated that the particles were twinned crystals of elemental silicon. This observation was further confirmed by the finding that EDS spectra from the particles contained only a peak corresponding to silicon (Fig. 4b) . Small dark particles were frequently associated with the silicon crystals (arrowed in Fig. 4a ). EDS spectra from the small particles showed that they contained Sit Ti, Cr and Fe (Fig. 4c ). These were thought to come from impurities in the starting powders used to prepare the glasses.
The origin of the Si particles is less clear. The silicon nitride powder used to prepare the glasses contains no free silicon, as it is prepared by the vapour phase reaction of SiC1 4 and NH3. The most likely explanation ;s that silicon is produced by the decomposition of si1con nitride during melting \ according to the reaction 
